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O
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•
Background

•
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l

•
R&

D
 pla

n and
 tasks to ad

d
ress technical cha

llenges

•
Progress and

 sta
tus

•
Pla

nned
 activities

•
Sum

m
a

ry
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Ba
ckground

•
C

lad
ding and surface m

od
ifications are extensively used

 
in fabrication of nuclear rea

ctor system
s. It essentially 

involves ad
ding a la

yer of different m
aterial to 

com
ponent surface.

–
C

lad
d

ing of reactor vessel internals to im
prove erosion, 

corrosion, and
 w

ear resistance 
–

Build
 a buffer layer for d

issim
ilar m

etal w
eld

 (hund
red

s of 
them

)
•

Fusion w
eld

ing ba
sed

 processes, i.e. various arc w
eld

ing 
processes, are typically used

 for clad
ding of today’s 

reactors.
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Lim
ita

tions of tod
ay’s clad

d
ing process

•
C

la
d

d
ing ra

te
–

A
ll position clad

ding is lim
ited

 to low
 d

eposition rate 
processes (G

TA
W

, G
M

A
W

) due to gravity effect on the 
m

olten w
eld

 pool, 2-4lbs/hr
–

High dep
osition rate processes (ESW

, SA
W

) a
re lim

ited
 to flat 

position. 
•

Requires special equipm
ent to rotate large and

 heavy 
com

ponents. 
•

Lim
ited

 to com
ponents w

ith rotating axis

•
M

ultiple la
yers (3-5 la

yers typical) to progressively red
uce the “d

ilution” in 
the top la

yer for intend
ed

 service
–

High dep
osition rate processes have higher d

ilution and
 requires m

ore layers
–

C
om

pound
ing effect on the prod

uctivity and
 increase in m

aterial and
 labor cost

R
elatively low

 productivity and high cost
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Lim
itations of tod

ay’s cla
d

d
ing process

•
M

ore SC
C

 resistance alloys (A
lloy 

52 vs A
lloy 82) in the D

M
 w

eld
 for 

piping system
s 

•
A

lloy 52 is prone to d
uctility d

ip 
cra

cking a
ssociated

 w
ith fusion 

w
eld

ing processes

M
ajor barrier in adopting new

 cladding m
aterials 
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C
an w

e d
evelop a

 solid
-state friction stir w

eld
ing based

 
cla

d
d

ing/ad
ditive m

anufacturing process?

•
Friction Stir W

eld
ing (FSW

) is a novel solid
-state joining 

process.  A
 specially designed

 tool rotates and 
traverses along the joint line, creating frictional 
heating that softens a colum

n of m
aterial und

erneath 
the tool. The softened

 m
aterial flow

s around
 the tool 

through extensive plastic d
eform

ation and
 is 

consolida
ted

 behind the tool to form
 a solid

-sta
te 

continuous joint. 
•

M
etallurgically bond/w

eld
 m

aterials together w
ithout 

m
elting and

 solid
ification

–
Inherently im

m
une to d

efects related
 to fusion based

 
joining processes

•
First d

eveloped
 and

 applied
 on A

l structures (N
A

SA
, 

A
uto, transportation)

FSW
 of structural steels (O

RN
L)
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Charpy V Notch
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W
eld

H
AZ

B
ase M

etal

FSW
 D

rastically Im
proves D

ynam
ic Im

pact Properties of 
Pipeline Steels

•
W

eld
ing of A

PI X65 steel for oil/gas transm
ission pipelines

Feng
and Packer et al., 2005
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FSW
 of Superalloys

C
ast IN

738, 60%
 volJ’ 

A
lloy C

22, solution strengthened corrosion resistance
Feng and G

andy, O
RN

L/EPRI, 2006
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G
oals

•
To d

evelop a
nd

 d
em

onstrate a novel solid
-state friction stir ad

d
itive 

m
a

nufa
cturing (FSA

M
) process for high prod

uctivity surface cla
d

d
ing 

–
Im

prove erosion, corrosion and
 w

ear resistance, 
–

>20%
 red

uction in cost and
 im

provem
ent in prod

uctivity and
 quality. 

•
Focus on tw

o targeted
 applications 

–
C

lad
ding of reactor internals 

–
Fabrication of the transition layer of dissim

ila
r m

etal w
eld

s
•

Support on-site repa
ir in ad

d
ition to construction of new

 reactors
–

C
la

dding of corrosion resistance barrier for M
SR

•
D

em
onstra

te fea
sibility of solid

-state ad
d

itive m
a

nufacturing of nuclear 
rea

ctor structura
l m

a
terials w

ith im
proved

 properties



10 10
N

EET A
M

M
 2018-12 A

nnua
l  Review

Friction Stir A
d

d
itive M

anufacturing (FSA
M

)

•
FSA

M
 is a novel extension of FSW

•
Based

 on O
RN

L’s m
ultipass, m

ultilayer FSW
•

Patent pend
ing p

rocess innovations practically elim
inate tool 

failure and
 tool w

ear critical to FSA
M

 of high-tem
perature 

m
aterials

•
The non-consum

able tool a
pp

roach has potential of m
uch 

higher clad
ding rate and

 prod
ucing hom

ogeneous 
m

icrostructure and
 properties

•
Solid-state process a

lso ad
dresses other key shortcom

ings of 
fusion w

elding based
 cla

d
ding process

–
Ease the m

etallurgical incom
patibility constraints in use of new

 
clad

d
ing m

aterials
–

M
inim

ize the m
icrostructure and

 perform
a

nce d
egrad

a
tions of the 

high perform
ance structural m

aterials
–

N
ear zero d

ilution red
uces the num

ber of clad
d

ing layers for 
m

aterial/cost red
uction and

 increase in prod
uctivity

Substrate

R
otating tool 

traveling direction

FSW
 rotating tool

1
stlayer�by�FSAM

�

2
ndlayer�by�FSAM

�

C
lad layer bonded 

to last layer
C

lad m
etal 

before cladding



11 11
N

EET A
M

M
 2018-12 A

nnua
l  Review

Technology Innovations in FSA
M
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R&
D

 Focuses on

•
C

an w
e scale FSA

M
 process up

 for large area clad
ding?

–
Process param

eter/tool geom
etry d

esign a
nd

 im
provem

ent
–

Robust tool life
•

How
 can w

e effectively eva
luate the bonding quality of large area clad

ding?
–

Essential to assist the process d
evelopm

ent
–

Ultrasonic C
-scan non-d

estructive evaluation to provid
e m

acroscopic level quantitative 
evaluations (~1m

m
 range)

–
Bend

ing test and
 cross-sectioning to correlate ultrasonic N

D
E results w

ith bond
ing quality

•
W

hat is the appropriate tem
perature range for solid

-state bonding in FSA
M

?
–

Tem
perature m

easurem
ent at the bond

ing interface
•

Increa
sing cla

d
ding productivity

•
M

aterials used
–

A
STM

 A
516 pressure vessel structural steel

–
SS304, A

lloy 600, A
lloy 82/182, A

lloy 800 as clad
d

ing m
aterials
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Single Layer FSA
M

 d
evelopm

ent

A
s cladded surface

(surface flush and oxidation, to 
be addressed)

304 S
S

 on structural steel A
516

A516

SS304
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C
-sca

n Ultrasonic N
D

E w
as effective to d

eterm
ine the 

bond
ing qua

lity
•

Ena
ble us to exa

m
ine an large area quickly to assist process d

evelopm
ent

S
S

304 on A
516
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Effect of process cond
itions on bond

ing

FSW
 

#820

FSAM
 #820

FSAM
 #840

FSAM
 #841

S
S

304 on A
516
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G
uid

ed
 sid

e bend
ing test also used

 to evaluate bond
ing 

quality and
 strength

•
The bonding interface is off the neutral plane of 
bend

ing. This creates relatively large strain at the 
interface.

•
Unbond

ed
 regions can revealed

 after the side 
bend

ing

       
 

             (a) 3” roller (5%
 elongation)                           (b) 2” roller (10%

 elongation) 

�

2 m
m

S
S

304 on A
516
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Interface bond
 quality from

 sid
e bend

 test

200µm
10µm

SS304 

A516

SS304 

A516

B
onded interface as revealed in the side bend test 

20µm
10µm

SS304

A516

SS304

A516

U
nbonded interface revealed in the side bend test 
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M
ultilayer FSA

M
 clad

d
ing

Layer�3:�Alloy�800
Layer�1�&

�2:�SS304
Substrate:�SS304

FSAM
 build of two layers SS304 and one layer 
alloy 800 on a 304 SS substrate.

M
icrostructure near the clad bonding interface 

between two SS304.
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M
ulti-la

yer M
ulti-m

aterial FSA
M

 D
evelopm

ent

•
M

ateria
ls

–
Substrate: A

STM
 A

516G
r70

–
Layer 1: SS304

–
Layer 2: A

lloy 600
–

Layer 3: A
lloy 600 

–
Layer 4: SS304 

•
C

la
d

d
ing area

: 8x6.5”
•

Thickness of ea
ch clad

d
ing 

la
yer: 0.86m

m
A

516

SS304

SS304

Alloy 600
Alloy 600
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M
ulti-la

yer M
ulti-m

aterial FSA
M

 D
evelopm

ent
•

Bonding w
as inspected

 after clad
ding each layer by C

-scan ultrasonic N
D

E 
•

O
verall good bonding except several locations

•
These loca

tions could be ”repaired” by FSA
M

 before next layer

U
ltrasonic N

D
E

 after clean up by steel w
ire brush w

heel (com
m

on practice to clear w
eld surface)
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Increa
sing C

lad
d

ing Rate/Prod
uctivity

•
Use la

rger tools, higher travel speed
, thicker clad

d
ing la

yers
•

System
 m

od
ifica

tions
–

Increased
 torque/process load req

uirem
ent

–
Solved

 surface oxidation problem
 w

ith an argon gas shield
ing system

•
So fa

r, increa
sed

 tool d
iam

eter from
 0.5” to 1.0”

–
Larger tool planned

, up
 to 2” d

iam
eter
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Tool W
ea

r a
nd

 Life
•

O
ur innova

tive tool d
esign and

 FSA
M

 process approa
ch ha

ve resulted
 in 

excellent tool w
ea

r perform
a

nce
–

O
nly tw

o W
 based

 tools w
ere used

 in all the experim
ental trials and

 they are still 
perform

ing w
ell now

.
–

O
pens possibility to consider other “low

 cost” tool m
a

terials
–

Possibility for ad
d ”features” to tool surface

•
Id

entified
 severa

l cera
m

ic based
 tool m

a
terials

–
C

ost less than 10%
 of W

 based
 tools

–
Initial experim

ental trials w
ere prom

ising
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Und
erstand

ing the process cond
itions to form

 Solid
-state 

bond
ing

•
Tem

perature m
ea

surem
ent at 

the bond
ing interfa

ce
•

Solid
 sta

te m
eta

llurgical bond
ing 

form
s in the range of 900 -1100C

5.4 m
m

6 m
m

FS
AM

 
tool

A516 
substrate

304 
stainless 
steel

K type therm
ocouple

123
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D
evelopm

ent of a robust m
od

eling tool for FSA
M

 process 
d

evelopm
ent (on-going)

FSAM
 

tool

A516 
substrate

Experim
ental

M
od

eling
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Breakthrough H
PC

 cod
e for w

eld
ing &

 ad
d

itive 
m

anufacturing
•

O
RN

L/G
M

/EPRI  recently d
eveloped

 an 
in-house G

PU based
 FEM

 cod
e that is 

1000x to 2000x tim
es faster than tod

ay’s 
com

m
ercial cod

es for w
eld

ing and
 A

M
 

sim
ulations (patent pend

ing)
•

Exam
ple: 3D

 sim
ulation of large m

ulti-pass 
d

issim
ilar w

eld
 in nuclear reactor piping

So
ftw

a
re

A
b

a
q

us
In-ho

use
 

c
o

d
e

A
nalysisof 20 sec w

eld
ing

3.5 d
ays

388 sec
Full w

eld
 analysis

8.5 years #
3.2 d

ays

C
om

putation Tim
e C

om
parison on S

am
e C

om
puter

H
oop stress

(M
P

a)

Full 3D
 sim

ulation by O
R

N
L in-house code revealed residual stress patterns 

that can’t be obtained from
 w

idely used axisym
m

etric sim
plifications

Von M
ises 

stress evolution

Hui Huang, Jian C
hen, Zhili Feng, 2018
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Planned
 A

ctivities

•
Further im

prove prod
uctivity by 

–
Increasing travel speed

, increase clad
 thickness

–
Tool m

a
terial and

 geom
etry optim

ization
–

C
om

putational m
od

eling tools to assist process 
d

evelopm
ent

–
Increase clad

d
ing rate to 20 lb/hr, about 5 to 10 

tim
es higher than the all-position G

TA
W

/G
M

A
W

 
clad

d
ing processes 

•
D

em
onstrate on cla

d
ding m

aterials for M
SR

–
H

a
stelloy N

, N
i, W

?

•
Scale up

 and
 d

em
onstrate a

ll-position clad
ding

–
Prototypical m

ock up com
ponents prod

uction
•

Surface clad
d

ing on steel pipe
•

Buttering la
yer of D

M
 w

eld

•
Feasibility d

em
onstration of solid

-state ad
ditive 

m
anufacture of nuclear rea

ctor structural 
m

aterials w
ith im

proved
 properties
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Technology D
em

onstration

•
Effectively utilize our existing industry partnership 
and

 eq
uipm

ent from
 past FSW

 R&
D

 for oil/gas 
pipeline construction &

 m
aintenance (O

RN
L, 

ExxonM
obil, M

ega
Stir)
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Support D
O

E N
E:

D
evelopm

ent of A
d

vanced
 W

eld
ing Technology to Repair N

uclear Reactor 
Interna

ls (Joint D
O

E/N
E LW

RSP and
 EPRI LTO

 Program
s)

•
C

urrent processes
–

La
ser w

ith proactive stress m
a

na
gem

ent
–

Friction stir w
eld

ing

•
Planned

 (for 2020-2021)
–

FSA
M

 for high helium
 containing irrad

ia
ted

 scena
rios
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Sum
m

ary

•
D

em
onstrated

 feasibility for solid
-sta

te d
iffusion bond

ing of d
issim

ilar 
m

a
terial cla

d
d

ing by FSA
M

–
Established

 baseline FSA
M

 process w
ind

ow
 for clad

ding SS304 and
 A

lloy 600 on 
structura

l steel A
516

–
D

eterm
ined suitable FSA

M
 tem

perature range for bonding
–

C
-sca

n ultrasonic N
D

E is effective to exam
ine clad

 bonding quality by FSA
M

•
O

n-going resea
rch to 

–
Im

prove prod
uctivity

–
Scale up

 and
 d

em
onstration of all-position clad

ding
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